abstract OBJECTIVES: To develop and validate a predischarge risk stratification model by using transcutaneous bilirubin (TcB) values and clinical factors to predict significant postdischarge hyperbilirubinemia in healthy term and late preterm Chinese neonates.
METHODS:
In a prospective cohort study, 8215 healthy term and late preterm neonates in 8 hospitals in China underwent TcB measurement at ,168 hours of age. TcB percentiles were calculated and used to develop an hour-specific nomogram, and 9 empirically weighted items were used to derive a prediction model. A risk stratification model was developed by combining the TcB nomogram with clinical risk scores to predict significant hyperbilirubinemia, defined as a postdischarge bilirubin level that exceeded the hour-specific recommended threshold value for phototherapy. Data from another 13 157 neonates were used to validate the model. Visible jaundice occurs in the majority of neonates in the several days after birth. However, if neonates do not undergo timely monitoring and prompt treatment, they could develop hyperbilirubinemia and bilirubin encephalopathy. 1, 2 The incidence of chronic kernicterus from the Northern California Kaiser Permanente Medical Care Program is reportedly ∼6 per 1 million, a rate that is similar to that reported from Denmark. 3, 4 In China, 348 cases of bilirubin encephalopathy were reported from 28 hospitals in 2009. 5 Many cases of bilirubin encephalopathy are believed to be preventable; therefore, identification of neonates at risk for developing significant hyperbilirubinemia has become an important aspect of postdischarge monitoring of neonates. The American Academy of Pediatrics (AAP) recommends that, before discharge, all neonates be assessed for the risk of significant hyperbilirubinemia by using predischarge total serum bilirubin (TSB) or transcutaneous bilirubin (TcB) measurements and clinical risk factors. 6 The Northern California Kaiser Permanente Medical Care Program implemented the 2004 AAP guidelines and reported that after initiation of a universal bilirubin screening program, there was a 62% reduction in the incidence of TSB levels exceeding the exchange transfusion guideline (0.17% vs 0.45%). 7 However, because the impact of race/ethnicity on the hourspecific bilirubin levels and clinical risk factors was not assessed, the AAP recognizes the need for large-scale studies to evaluate the role of such guidelines in nonwhite populations. Researchers from several other countries (Portugal, Greece, and Italy) have developed hour-specific bilirubin nomograms for assessment of clinical risk factors using their own race/ethnicity data. [8] [9] [10] We previously designed a TcB nomogram from a single tertiary care center; it is unknown whether this nomogram is applicable to a widespread population. 11 To improve the generalizability of our findings, a multicenter study was conducted to develop a new hour-specific TcB nomogram.
METHODS

Study Design and Setting
This report combines data from 2 multicenter prospective cohort studies conducted in 15 hospitals in mainland China (Supplemental Appendix Table 1 ). Eight hospitals participated in the development cohort, and 13 participated in the validation cohort; 6 participated in both cohorts. The data from the first study were used for the development of a prediction model (from which we constructed a new hour-specific TcB nomogram and clinical risk scores), and data from the second study were used for validation of the model.
Eligibility Criteria
Neonates with a gestational age (GA) $35 weeks and birth weight $2000 g were included in both studies. Neonates who were admitted to the ICU and those who received phototherapy predischarge were excluded. The decision to use phototherapy was made by the attending physicians according to AAP guidelines. 6 All newborns whose mothers had blood type "O" or who were Rh-negative were evaluated for ABO and Rh blood type. Newborns who were blood type O or Rhnegative underwent a direct antiglobulin test. Newborns with positive direct Coombs test results were defined as having ABO or Rh incompatibility and were excluded. During this study period, there was no predischarge screening for glucose-6-phosphate dehydrogenase (G6PD) deficiency. No prophylactic intervention for hyperbilirubinemia was used.
Development Data Set
Eight hospitals (Supplemental  Appendix Table 1 ), comprising 2 general hospitals and 6 maternity hospitals, participated in a study between August 2010 and December 2011. The study data have been used to verify the predictive value of the previously constructed single-center TcB nomogram to identify significant hyperbilirubinemia in healthy term and late preterm Chinese neonates. 12 This data set was also used to develop a prediction model (which constructed a new hour-specific TcB nomogram and clinical risk scores).
Validation Data Set
Thirteen hospitals (Supplemental Appendix 
Protocol
Measurements of TcB and TSB
In both studies, TcB measurements were performed by using a transcutaneous jaundice meter (model JM-103; Minolta-Osaka, Tokyo, Japan), according to the instructions from the manufacturer and applying standard techniques. 13 The methods measurements of TcB were described in a previous study. 11 According to previous research, the JM-103 is less accurate at TcB levels .222 mmol/L; these levels were confirmed with a TSB measurement. 12 The blood samples (50 mL) were drawn by heel stick, and special care was taken to avoid exposing the collected samples to light. TSB assessment was performed in the clinical chemistry laboratory of each participating unit.
Potential Clinical Risk Factors
All perinatal, postpartum, and demographic data of neonates were recorded in a single database for each unit during the study period. The study coordination group reviewed potential clinical risk factors for neonatal hyperbilirubinemia reported in the literature and identified 9 factors of interest: GA, weight for GA, delivery mode, gender, history of previous neonate who received phototherapy, bruising/ cephalohematoma, feeding mode, excessive body weight loss, and early discharge.
Variable Definitions
GA estimates were based on the last menstrual period and/or early second-trimester ultrasound. A small for GA neonate was defined as birth weight lower than the 10th percentile for GA and gender, according to a Chinese growth chart 14 ; a large for GA neonate was defined as having a birth weight more than the 90th percentile. Excessive weight loss was defined as weight loss $10% on the third day after birth. Early discharge was defined as neonates discharged from the hospital within 72 hours after birth.
Follow-up of Studied Neonates
A follow-up TcB evaluation within 24 to 96 hours after discharge was offered to all neonates during the birth hospitalization; the timing of the follow-up evaluation depended on the TcB levels before discharge. Properly trained physicians performed the TcB evaluation; they were blinded as described in a previous study. 11 Outcome: Significant Hyperbilirubinemia Significant hyperbilirubinemia was defined as a postdischarge bilirubin level that exceeded the hour-specific threshold value for phototherapy, according to the guidelines presented by the AAP. 6 
Statistical Analysis
The demographic characteristics between the development and validation data sets were compared by using Student's t test and the x 2 test.
Development of Model
The potential clinical risk factors from the development data set were first included in a logistic regression analysis, with significant hyperbilirubinemia as the dependent variable. Variables significant at P , .2 were included in the multiple logistic regression, using stepwise backward elimination. . Based on the total score of each neonate in this categorization, the probability and likelihood ratio (LR) for the development of significant hyperbilirubinemia postdischarge were calculated.
TcB data of the development data set were collected and checked for completion, consistency, and accuracy by 2 investigators. The TcB nomogram was developed according to a previously reported method. 11 The predictive performance of the TcB nomogram and clinical risk score categorization were used alone and in combination to predict significant hyperbilirubinemia, which was evaluated with respect to the area under the curve (AUC) in a receiver operating characteristic (ROC) curve. The AUCs of 3 predictive models were compared. Model calibration was tested by using the Hosmer-Lemeshow goodness-of-fit statistic.
In addition, the TcB and clinical risk zones were analyzed and classified as distinct groups (16 total groups), in which the test characteristics were assessed. Using the LR of the groups, they were stratified into distinct risk levels of developing significant postdischarge hyperbilirubinemia, which was developed as a risk stratification model. 15 
Validating the Risk Stratification Model
In the validation data set, a pathway similar to the development set was used. All statistical analyses were performed by using SAS version 9.3 (SAS Institute, Inc, Cary, NC).
Ethics
The ethics committee of the Nanjing Maternity and Child Health Care Hospital of the Nanjing Medical University approved the 2 studies. It was also approved by each participating center.
RESULTS
The details of eligible patients and enrolled patients in both the development and validation data sets are given in Fig 1. The demographic characteristics of the 2 data sets are shown in Table 1 . There was statistically significant difference in mean GA (0.3 week [2 days]) and mean birth weight (53 g); however, these differences were not clinically significant. Postdischarge significant hyperbilirubinemia occurred at 110.31 6 31.87 hours after birth.
Among the 8215 newborns analyzed in the development data set, the overall incidence of postdischarge significant hyperbilirubinemia was 10.6% (876 of 8215). The results of univariate analyses, multivariable odds ratio (OR) (95% confidence interval [CI]), b-coefficient, and given scores for clinical predictors are reported in Table 2 and Table 3 . Of the variables with significant ORs in univariate and multivariable analyses, weight for GA and mode of delivery were not identified as significant predictors and were eliminated from the model and score calculations, separately.
In the scoring system, the minimum possible total score was 217, and the maximum was 59. Scores were grouped in 4 groups, as done previously, and 4 clinical risk zones were created ( For all TcB data points of the development data set for each of the periods (from 12 to 168 hours of age), postnatal age (hours) and TcB (milligrams per deciliter) were plotted on a scatter plot. The hourspecific TcB nomogram was constructed by using the 40th, 75th, and 95th percentile values of TcB (Fig 2) ; these values were used as risk zone delimiters, and all neonates were classified into 4 risk zones (Table 4 ).
The ROC curves for different predictor models in the development data set were compared (Fig 3) . 
FIGURE 1
Flowchart of enrollment and follow-up evaluation of the development and validation data sets. Neonates were classified into 16 groups based on the 4 clinical risk score zones and the 4 TcB value risk zones. The predictive abilities (probability and LR) for a positive test result for the development data set are shown in Supplemental Appendix Table 2 . These 16 zones were classified into 6 distinct risk stratification levels for prediction of postdischarge significant hyperbilirubinemia, according to the LR.
A total of 13 157 newborns were analyzed in the validation data set. The overall proportion of significant hyperbilirubinemia was 12.3%. The ROC curves for 3 different models in the validation data set were compared (Fig 3) . The combined use of the TcB nomogram and clinical risk factors was shown to be the best method for predicting subsequent significant hyperbilirubinemia. Our results are similar to those of Keren et al, 15 who combined predischarge bilirubin levels and clinical risk factors, and reported equally good predictive abilities in a mixed ethnic group (AUC: 0.954). The timing of follow-up visits based on clinical risk factors and the TSB nomogram has been described by several authors. 7, 16 Six distinct risk categories were created for follow-up; however, we acknowledge that validation of these recommendations or the ability of these recommendations to avoid any untoward consequences remains to be assessed. Future studies will also need to explore the best timetable for follow-up of neonates after discharge.
In this study, we only included neonatal risk factors and did not include maternal factors (eg, maternal age .25 years). In addition, we developed the predischarge risk stratification model, which is easy to use and does not involve any laboratory testing. The risk factors that involve laboratory testing as reported in the AAP guidelines (eg, albumin level ,3 g/dL) were not included in the present model for pragmatic purposes. The clinical risk factors included in our model are similar to other models except for 2 risk factors: excessive weight loss and early discharge. 7, 17, 18 In China, excessive weight loss and early discharge are 2 problems commonly encountered after birth, and they occur in 7.2% and 26.1% of neonates, respectively. 12, 19 Although these 2 factors were not included in previous models, they have been identified as predictors of severe hyperbilirubinemia in previous studies. 17, 18 Postpartum hospital stay has decreased dramatically over the past few decades in many parts of the world. The majority of women are discharged within 2 days after vaginal births and within 4 days after cesarean deliveries. However, the natural course of a bilirubin increase in neonates reaches a plateau at ∼72 to 96 hours' postnatal age. Early discharge before 72 hours of age has been identified as a predictor of subsequent hyperbilirubinemia. 20 Thus, our results are concordant with the substantial body of literature which suggests that early discharge is a risk factor and encourages proper guidance for the timely follow-up for hyperbilirubinemia in those neonates who are discharged early.
Other clinical variables in our model have been identified previously as clinical risk factors for hyperbilirubinemia. In our development data set, GA was the strongest predictor for significant 
FIGURE 2
The hour-specific TcB nomogram in healthy term and late preterm Chinese infants.
hyperbilirubinemia, followed by feeding mode and history of previous neonate who received phototherapy. This risk profile is similar to what is reported in literature. 8 The ROC curves for a model using all risk factors and a model using only the strongest predictors (GA) in the development data set were compared. To the best of our knowledge this report is the first to use the combination of clinical score and TcB to predict significant hyperbilirubinemia in Chinese neonates. This analysis is important because follow-up postdischarge from maternity units for these neonates is inadequate in China. No national guideline is available that is evidence-informed, validated, and developed from local data sets. Currently, in some places, neonates are followed up according to AAP guidelines; in other places, no scheduled follow-up is planned, and it is the responsibility of the parents to seek help. Our results provide high-quality evidence suggesting the potential benefits of a risk stratification model for timely postdischarge follow-up and identification of neonates at risk for developing significant hyperbilirubinemia. In addition, to address if differential verification bias falsely inflated both sensitivity and specificity, we conducted sensitivity analyses and assessed the AUC of newborns who had follow-up visits at $4 days or had the TSB measurement conducted postdischarge. We found
FIGURE 3
ROC curves for 3 different models for prediction of postdischarge significant hyperbilirubinemia in the development and validation data sets. 28, 29 We have reviewed these TcB nomograms (developed by the United States, India, Italy, and Israel), for which the AUC for the prediction of subsequent significant hyperbilirubinemia ranged from 0.720 to 0.971. 30 In the present study, the TcB nomogram exhibited equally good predictive abilities (AUC: 0.870). Thus, we believe this method is advantageous in resourcelimited settings such as China where the number of health care providers per patient is small. Finally, our suggested follow-up plan must be monitored to assess its impact on clinical outcomes, which would be the subject of further investigation.
We acknowledge that further steps are necessary to promote and optimize the application of the model. First, the models with different TcB nomograms described by using various percentile risk zones should be assessed, which could theoretically improve the model performance. Second, medical calculation applications need to be developed that could make assessment of clinical scoring systems easier by using patient-specific data. 31 This method could be developed as a smartphone-based medical calculation application. The model provides rapid risk information to neonatal clinicians, allowing them to make appropriate decisions. With the possibility that this information is applicable to 15% to 20% of total births in the world, we believe there is a huge potential for this knowledge to be translated into actual clinical practice. Third, a collaborative quality improvement program based on the risk stratification model should be conducted to assess its impact on the incidence of extreme and hazardous hyperbilirubinemia and bilirubin encephalopathy. Fourth, the individual performing the TcB assessment was blinded, which does not lead to differential verification bias. Fifth, neonates with G6PD deficiency were not included in our study, and we were thus unable to include G6PD deficiency as a risk factor in our model. We would like to caution that G6PD deficiency is prevalent in southern parts of China where screening for G6PD deficiency should be considered. Sixth, it must be remembered that newborns classified as low risk were not entirely without risk of readmission for hyperbilirubinemia. 32 All newborns, including those at low risk, must be vigilantly observed for subsequent hyperbilirubinemia as standard part of any screening program.
CONCLUSIONS
We developed and validated a predischarge risk stratification model by combining clinical risk factors and a TcB nomogram. This method classified term and late preterm Chinese neonates into 6 distinct risks levels and provided timely discharge follow-up suggestions.
